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Abstract  22 

Trap cropping diverts pest pressure away from cash crops, yet its effectiveness depends on 23 

pest movement behaviour and the retention or removal processes that occur after insects 24 

reach trap plants. We develop a one-dimensional movement-based modelling framework in 25 

which pest trajectories follow a biased correlated random walk within a spatially structured 26 

field containing trap-crop interception zones of varying size. The model represents attraction 27 

towards trap crops, directional persistence in pest movement, and post-encounter retention or 28 

removal within the trap crop zone. We analyse how movement behaviour, retention strength, 29 

and the allocation of land between cash and trap crops influence interception dynamics and 30 
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pest removal under ecologically realistic conditions. We find that trap crop effectiveness 31 

depends on the interaction between attraction and retention. Attraction alone does not 32 

guarantee pest suppression because insects may traverse the trap crop with residence times 33 

too short for removal processes to reduce pest abundance. In contrast, interception and 34 

retention mechanisms lead to suppression through distinct processes: strong entry 35 

interception leads to rapid pest removal, whereas behavioural arrestment increases trap crop 36 

occupancy and reduces emigration from the field. When retention is weak, insects escape 37 

after crossing the trap crop strip, limiting trap cropping effectiveness. The model reveals 38 

trade-offs among trap crop size, pest suppression, and the allocation of land between trap and 39 

cash crops. By linking pest movement dynamics with trap crop spatial allocation, this 40 

framework provides a mechanistic basis for predicting trap cropping performance and 41 

highlights the importance of retention in improving trap-based pest management strategies. 42 

Keywords Trap cropping, integrated pest management, insect movement, biased correlated 43 

random walk, directional persistence, behavioural arrestment, pest retention  44 

1. Introduction 45 

Pest control remains a central challenge in agriculture, and chemical pesticides have long 46 

been the dominant management tool. However, long-term reliance on pesticides has produced 47 

a range of well-documented problems, including the evolution of pest resistance, impacts on 48 

non-target organisms, risks to human health, and widespread environmental contamination 49 

(Sparks and Nauen, 2015; Savary et al., 2019; De Souza et al., 2020; Tooker and Pearsons, 50 

2021). These concerns have motivated increasing interest in pest management strategies that 51 

reduce chemical inputs while maintaining crop productivity and economic viability (Gurr et 52 

al., 2003; Cook et al., 2007; González-Chang et al., 2019; Angon et al., 2023). Many 53 

strategies leverage biotic interactions—whether between a pest and its natural enemies (e.g., 54 

insect–parasitoid relationships), among individuals of the same species (e.g., pheromone-55 

based trapping), or between the pest and its host plant. For the latter, trap cropping has 56 

emerged as a promising strategy within integrated pest management. In this strategy, the trap 57 

crop is planted alongside the crop grown for harvest or profit (i.e., the cash crop) in order to 58 

divert pest pressure away from the cash crop (Hokkanen, 1991; Shelton and Badenes-Pérez, 59 

2006). By exploiting natural behavioural cues rather than relying solely on chemical control, 60 

trap cropping offers a potentially sustainable means of reducing pest damage as part of a 61 

https://www.zotero.org/google-docs/?FuJnDH
https://www.zotero.org/google-docs/?FuJnDH
https://www.zotero.org/google-docs/?RS2ZwI
https://www.zotero.org/google-docs/?RS2ZwI
https://www.zotero.org/google-docs/?IwVAx7
https://www.zotero.org/google-docs/?IwVAx7


3 

 

broader pest management programme and has been applied in a variety of agricultural 62 

systems (Shelton and Badenes-Pérez, 2006; Lu et al., 2009; Tillman and Cottrell, 2012). 63 

Trap cropping success depends on several interacting ecological processes rather than 64 

attraction alone (Shelton and Badenes-Pérez, 2006). For a trap crop to function effectively, 65 

pests must first encounter the trap crop plants and then remain there long enough for 66 

mortality processes to occur or for movement to the cash crop to be prevented (Hokkanen, 67 

1991; Hilje et al., 2001; Badenes-Pérez et al., 2005b, 2005a; Shelton and Badenes-Pérez, 68 

2006; Badenes-Pérez, 2025). Empirical and theoretical studies therefore emphasise three key 69 

determinants of trap crop performance: pest attraction to the trap plant, pest movement and 70 

spatial redistribution within the field, and the retention or mortality of insects after they reach 71 

the trap crop (Cook et al., 2007; Holden et al., 2012). Modelling approaches have shown that 72 

pest movement behaviour and spatial configuration strongly influence how rapidly insects 73 

encounter trap crops and how pest populations redistribute between crop patches (Perry and 74 

Wall, 1984; Banks and Ekbom, 1999). At the same time, both empirical observations and 75 

theoretical models indicate that high retention within the trap crop is often necessary for 76 

effective pest suppression, because pests that disperse away from the trap crop can quickly 77 

recolonise the cash crop (Shelton and Nault, 2004; Cook et al., 2007; Holden et al., 2012). 78 

Consequently, successful trap cropping systems frequently rely on additional processes that 79 

increase pest mortality or prevent escape, such as natural enemies, targeted pesticide 80 

applications, or host plants on which pests have reduced survival (Shelton and Badenes-81 

Pérez, 2006; Badenes-Pérez et al., 2017; Badenes-Pérez, 2025). These interacting 82 

mechanisms make it difficult to disentangle the relative contributions of attraction, movement 83 

behaviour, and retention in field experiments. Distinguishing these processes is necessary 84 

both for understanding trap crop performance and for guiding practical management 85 

decisions under specific crop and host traits.  86 

Mathematical and simulation-based models have become valuable tools for exploring 87 

trap cropping dynamics (Perry and Wall, 1984; Hannunen, 2005; Holden et al., 2012; 88 

Fenoglio et al., 2017). Modelling therefore provides a complementary perspective by 89 

allowing these processes to be examined individually under controlled assumptions (Zurell et 90 

al., 2010). For example, the spatial arrangement of trap crops can interact strongly with pest 91 

mobility in determining interception dynamics (Banks and Ekbom, 1999). Existing modelling 92 

frameworks include diffusion-based movement (Perry and Wall, 1984; Hannunen, 2005), 93 

spatially explicit individual-based frameworks (Vinatier et al., 2012; Garcia et al., 2021), and 94 
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patch-based models incorporating biological control processes (Banks and Laubmeier, 2024). 95 

Trap crop effectiveness appears to depend on the combined effects of attraction, retention, 96 

and plant distribution rather than on any single factor (Holden et al., 2012). Understanding 97 

the relative importance of each of these factors in a particular local context is crucial for 98 

designing an optimal trap crop array under constraints on land allocation and crop production 99 

(Holden, 2026b). 100 

A central component of trap crop effectiveness is how pests move through agricultural 101 

landscapes. Individual movement is often modelled using random walk frameworks that 102 

describe trajectories as sequences of steps and turning angles (Codling et al., 2008). While 103 

simple random walk models lead to diffusive motion at large spatial and temporal scales 104 

(Kareiva, 1983; Petrovskii et al., 2012), many insects exhibit directional persistence, 105 

maintaining their heading over successive steps. This behaviour is captured by correlated 106 

random walk models, which have been used to represent the movement of many arthropods 107 

(Kareiva and Shigesada, 1983; Byers, 2001; Reynolds et al., 2013; Petrovskii et al., 2014; 108 

Ellis et al., 2020; Ahmed et al., 2023). When directional responses to environmental cues, 109 

such as host-plant volatiles or visual signals, are also incorporated, the model becomes a 110 

biased correlated random walk, allowing individuals to combine directional persistence with 111 

attraction towards environmental stimuli (Codling et al., 2010, 2008). Despite the extensive 112 

use of biased correlated random walk models in movement ecology (Turchin, 1998; Barton et 113 

al., 2009; Bailey et al., 2018; Alqubori and Petrovskii, 2022), they have not previously been 114 

applied to trap cropping. Current trap cropping models typically simplify pest movement and 115 

therefore do not jointly represent directional persistence, attraction towards trap crops, and 116 

retention after arrival (Garcia et al., 2021; Banks and Laubmeier, 2024; Holden, 2026a). As a 117 

result, the combined effects of movement trajectories incorporating directional persistence, 118 

spatially varying attraction, and behavioural retention remain unexplored within a single 119 

mechanistic framework, leaving an important gap in our understanding of the effectiveness of 120 

trap cropping.  121 

To address this gap, we develop a flexible movement-based modelling framework in 122 

which pest trajectories follow a biased correlated random walk within an agricultural field 123 

containing a trap crop interception zone and allowing temporary emigration. The model 124 

represents three key processes governing trap-cropping performance: attraction towards the 125 

trap crop, directional persistence in pest trajectories, and retention or removal of insects after 126 

arrival in the trap zone (Hokkanen, 1991). Within the cash crop, insects move under 127 
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directional persistence combined with attraction towards trap crop-associated cues, while 128 

within the trap crop, movement becomes locally diffusive, representing milling (i.e., local 129 

wandering) or browsing (i.e., local exploratory movement) behaviour following arrival. Post-130 

arrival removal is incorporated through mechanisms operating either upon entry into the trap 131 

crop or during residence within it, capturing management efforts such as targeted control 132 

measures and ecological processes such as enhanced predation. Reduced movement within 133 

the trap crop represents behavioural retention and restricted escape after arrival, including 134 

effects analogous to physical barriers or landscape features that limit pest movement (Hilje et 135 

al., 2001). Because these mechanisms are represented explicitly and can vary independently, 136 

the framework can reproduce a range of trap cropping scenarios observed in agricultural 137 

systems. For clarity and tractability, the model is formulated in one spatial dimension, 138 

representing cross-sections through common trap cropping configurations, such as border 139 

plantings, perimeter strips, or field margins, while allowing the behavioural mechanisms 140 

governing pest interception to be examined separately (Perry and Wall, 1984; Banks and 141 

Ekbom, 1999). 142 

Using this framework, we investigate how behavioural and spatial processes jointly 143 

determine trap crop effectiveness. Specifically, we examine (i) how differences in movement 144 

behaviour affect the rate at which pests encounter and enter the trap crop zone, (ii) how 145 

retention strength and trap crop size interact to determine cumulative pest removal and 146 

protection of the cash crop, and (iii) how allocating land between trap crops and productive 147 

cash crops influences overall agricultural benefit. These analyses provide a mechanistic basis 148 

for the design of trap cropping systems as effective, low-input pest management strategies 149 

within integrated pest management programmes. 150 

2. Methods  151 

2.1 Model formulation 152 

We model the movement of a population of N insect pests within a one-dimensional 153 

agricultural field of total length L, partitioned into two contiguous crop zones. The cash crop 154 

occupies (0, kL), while the terminal trap crop strip occupies (kL, L), where k (with 0 < k < 1) 155 

represents the proportion of the field allocated to the cash crop (Fig. 1). Individuals move 156 

throughout the domain and may repeatedly enter and leave the trap crop region, undergoing 157 

behavioural modification and removal within the trap. The one-dimensional representation 158 

reflects movement along a field transect terminating in a trap crop strip, which is the primary 159 

https://www.zotero.org/google-docs/?7wNq4F
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determinant of encounter and interception in border trap-cropping systems. The spatial 160 

domain length L represents the effective scale over which insects redistribute within a field 161 

and encounter trap crops. Field margins and perimeter plantings in row-crop systems 162 

typically operate over distances of tens to a few hundred metres. The proportion of the 163 

domain occupied by the cash crop, k, therefore lies between approximately 0.70 and 0.90, 164 

corresponding to trap crop designs in which roughly 10–30% of the field edge is devoted to 165 

interception rather than production, although modelling studies suggest that efficient 166 

interception may often be achieved with trap crop fractions of approximately 5–20% 167 

(Holden, 2026b). 168 

To capture both directional persistence and attraction to trap crops, movement within 169 

the cash crop is modelled as a biased correlated random walk representing primarily local 170 

movement of arthropod pests during host searching and crop exploitation, such as the 171 

Colorado potato beetle, Leptinotarsa decemlineata, for which movement behaviour, host-172 

oriented responses, and trap-crop interception have been extensively studied  (Hunt and 173 

Whitfield, 1996; Landolt et al., 1999; Martel et al., 2005; Gui et al., 2012; Boiteau et al., 174 

2014). The field occupies the interval (0, L), but individuals may temporarily emigrate 175 

beyond either boundary, into the regions x < 0 or x > L, while remaining active and able to 176 

return; crossing a field boundary therefore does not itself remove individuals from the 177 

population (Potting et al., 2005). Movement is implemented in discrete steps. The variable Δt 178 

serves only as a time scaling unit; movement dynamics are step-based and do not depend 179 

explicitly on Δt. Each insect individual i is characterised by its position xᵢ(t) at step t, which 180 

evolves according to Eq. (1): 181 

𝑥𝑖(𝑡)   =   𝑥𝑖(𝑡 − 1) + δ𝑖(𝑡) 𝑠𝑖(𝑡),         (1) 182 

where δᵢ(t) is either −1 or +1, denoting leftward or rightward movement, respectively (Fig. 1), 183 

and sᵢ(t) > 0 is the step length (Turchin, 1998; Okubo and Levin, 2001). Ecologically, this 184 

formulation represents a sequence of movement decisions in which insects continue local 185 

foraging within the cash crop, move parallel to the trap crop, or advance towards the trap crop 186 

strip. 187 

Step lengths sᵢ(t) are drawn independently from a half-normal distribution, with 188 

probability density function (Eq. (2)), 189 

𝑓(s)   =  
√2

σ√𝜋
exp (−

𝑠2

2σ2) ,   𝑠 > 0,        (2) 190 

https://www.zotero.org/google-docs/?ELXBAC
https://www.zotero.org/google-docs/?0n4a2v
https://www.zotero.org/google-docs/?0n4a2v
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and scale parameter σ > 0 (Ahmed et al., 2025). The mean E[s] and variance V[s] of this 191 

distribution are given by Eq. (3): 192 

𝐸[𝑠] = σ√
2

𝜋
,   𝑉[𝑠] = σ2 (1 −

2

𝜋
).        (3) 193 

This distribution reflects the tendency of insects to make frequent short exploratory 194 

movements interspersed with occasional longer displacements.  195 

Parameter values correspond to spatial and behavioural scales commonly observed for 196 

mobile insect pests in agricultural landscapes where trap crops are deployed. Movement 197 

distances are governed by the step-length scale σ, which represents local motility rather than 198 

maximum dispersal capacity. Trap-cropping systems have been developed for mobile pests 199 

such as Colorado potato beetle, Leptinotarsa decemlineata, in solanaceous crops (Caprio and 200 

Grafius, 2017) and striped cucumber beetle, Acalymma vittatum, in cucurbit systems 201 

(Cavanagh et al., 2009). In this context, metre-scale movement steps provide a plausible 202 

representation of local exploratory movement within crop rows, between neighbouring plants, 203 

and near crop interfaces. The half-normal step-length distribution therefore produces frequent 204 

short exploratory movements while allowing occasional longer displacements that facilitate 205 

encounters with trap crop boundaries. Empirical studies have shown that movement-distance 206 

features of beetles, such as step length and displacement, can vary according to local 207 

conditions, including vegetation cover, physical resistance, feeding or foraging state, and 208 

temperature (Wiens et al., 1997; Jopp, 2006; Gui et al., 2012; Gireesh and Joseph, 2022), 209 

supporting the interpretation of σ as a flexible measure of pest motility. A summary of all 210 

model parameters, definitions, and ecological interpretations is provided in Table S1 of the 211 

Supplementary Information.  212 

2.2 Directional persistence and bias  213 

Movement direction δ𝑖(𝑡) for individual i at time t is determined by either directional 214 

persistence, i.e., the tendency to maintain the recent heading, or environmental bias. At t = 0, 215 

initial directions are assigned independently at random, with δᵢ(0) = +1 or δᵢ(0) = −1 with 216 

equal probability. In the cash crop, the direction δᵢ(t) is governed by directional persistence, 217 

δᵢpers(t), with probability (1 − ω), and by attraction bias, δᵢbias(t), with complementary 218 

probability ω; as defined in Eq. (4): 219 

δ𝑖(𝑡) = {
δ𝑖

bias(𝑡), with probability ω,

δ𝑖
pers(𝑡), with probability 1 − ω,

      (4) 220 

https://www.zotero.org/google-docs/?36UKRv
https://www.zotero.org/google-docs/?0Cms4g
https://www.zotero.org/google-docs/?0Cms4g
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thus the environmental bias weight ω lies in [0, 1] and controls how frequently insects 221 

respond to environmental cues (i.e., trap crop attractiveness) relative to persistence-driven 222 

movement (Fig. 1). 223 

Persistence is defined relative to the previous direction δᵢ(t − 1) according to Eq. (5): 224 

δ𝑖
pers

(𝑡) = {
−δ𝑖(𝑡 − 1), with probability 

1−α

2
,

δ𝑖(𝑡 − 1), with probability 
1+α

2
,
      (5) 225 

where α ∈ [−1, 1] controls the strength of directional memory between successive movement 226 

steps.  227 

Bias at time t is defined as attraction towards (+1) or aversion away (−1) from the trap crop, 228 

and is implemented according to Eq. (6): 229 

δ𝑖
bias(𝑡) = {

−1, with probability 
1−β(𝑥𝑖(𝑡−1))

2
,

+1, with probability 
1+β(𝑥𝑖(𝑡−1))

2
,
      (6) 230 

where β(xi) is the strength of bias as a function of insect i’s position relative to the cash-trap 231 

boundary. Specifically, for xi in (0, kL),  232 

β(𝑥)   =   βmax  (
𝑥

𝑘𝐿
)

ν

,          (7) 233 

where βmax ∈ [0, 1] is the maximum attraction strength at the cash–trap crop interface x = kL, 234 

and therefore β(x) ∈ [0, βmax] on (0, kL). The parameter ν ≥ 0 controls how attraction varies 235 

with distance from the trap crop. When ν = 0, insects are equally attracted to the trap crop 236 

regardless of their position in the cash crop, producing a uniform bias. For ν > 0, attraction 237 

becomes increasingly dependent on proximity to the trap crop, so insects become more likely 238 

to move towards the trap crop as they get closer to it. When ν = 1, attraction increases linearly 239 

with proximity (Fig. 1). Values of ν between 0 and 1 produce a broader zone of attraction that 240 

extends farther into the cash crop, whereas ν > 1 concentrates the effect of attraction near the 241 

cash-trap crop boundary.  Ecologically, lower values of ν represent trap-crop cues that can 242 

influence insect movement over larger spatial scales, whereas higher values represent cues 243 

whose effects are strongest when insects are already close to the trap crop. In the model, cue-244 

driven bias is switched off outside the cash crop, so we set β(x) = 0 in the trap crop (kL, L) 245 
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and in both emigration zones (x < 0 and x > L), reflecting neutral movement outside the cash 246 

crop.  247 

Operationally, when individuals are in the cash crop, the model selects at each time-248 

step a direction defined by either persistence, δᵢpers(t), or bias, δᵢbias(t), according to the 249 

parameter ω, representing the balance between persistence-driven movement and behavioural 250 

responses to environmental cues associated with the trap crop. Outside the cash crop i.e., 251 

within the trap crop strip (kL, L) and in the emigration zones x < 0 and x > L, directions are 252 

not updated using persistence or bias.  Instead, movement follows an unbiased one-253 

dimensional random walk (a simple random walk), with δᵢ(t) = +1 or δᵢ(t) = −1 with equal 254 

probability at each step. In this way, the model distinguishes between directional, cue-255 

responsive movement in the cash crop and non-directional movement after insects enter the 256 

trap crop, reflecting the retention phase in which individuals tend to remain within a preferred 257 

host patch once they have found it.  258 

In particular, an individual’s foraging state may influence both directional persistence 259 

and attraction. “Hungry” beetles have been shown to move with greater displacement and 260 

straighter paths than satiated individuals, suggesting that feeding status can increase 261 

persistence in movement trajectories (Gui et al., 2012). In our approach, directional 262 

persistence values within the range α ≈ 0–0.5 correspond to weak-to-moderate directional 263 

memory and produce movement paths that are neither purely diffusive nor strongly ballistic. 264 

Such intermediate persistence is commonly reported in insect foraging trajectories, where 265 

individuals maintain their heading over short intervals but frequently reorient in response to 266 

local cues (Rusman et al., 2024; Chaianunporn and Hovestadt, 2025). Attraction can likewise 267 

shape movement through biologically meaningful cues, including volatiles released by 268 

damaged plants and male-produced aggregation pheromones, which may bias movement 269 

toward the trap crop rather than resulting in random redistribution across the field (Landolt et 270 

al., 1999; Brzozowski et al., 2020). In the model, this is represented through moderate bias 271 

strengths (βmax ≈ 0.1–0.5), consistent with intermittent orientation toward cues rather than 272 

deterministic movement toward the trap crop.  273 

2.3 Arrestment 274 

On arrival at a host plant, insects often reduce locomotion, increase turning behaviour and 275 

settle. This arrestment behaviour is incorporated to represent reduced mobility and increased 276 

residence time within the trap crop region. In the present model, arrestment is represented as 277 

https://www.zotero.org/google-docs/?a9Q4U7
https://www.zotero.org/google-docs/?WtOkYc
https://www.zotero.org/google-docs/?H2PILv
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a reduction in movement scale rather than as a discrete stationary state. Individuals located 278 

within the trap crop, defined by the interval (kL, L), move with unbiased reorientation and a 279 

reduced step-length scale, given by σtrap = ρσcash, where 0 < ρ < 1. This reduction captures the 280 

tendency of individuals encountering the trap crop to slow down and remain locally confined 281 

while still permitting small-scale movements within or among neighbouring plants (Fig. 1). 282 

The reduction in movement associated with the trap crop is restricted to this region 283 

and does not apply elsewhere in the domain. Individuals within the cash crop move with the 284 

full step-length scale σcash, although the underlying step-length distribution still permits 285 

occasional short movements. These short movements arise from the stochastic movement 286 

process rather than from a habitat-specific reduction in mobility. Individuals that temporarily 287 

emigrate beyond either field boundary (x < 0 or x > L) also move without arrestment, 288 

retaining the cash crop step-length scale and undergoing unbiased reorientation.  289 

This reduction in displacement may contribute to local aggregation on particular 290 

plants in response to local conditions and changes in behavioural state (e.g., the post-diapause 291 

state in beetles; Caprio and Grafius, 2017). Values of ρ ≪ 1 correspond to reduced mobility 292 

and increased residence within the trap crop, allowing retention to be modelled as an 293 

ecologically relevant response of the pest to crop management. Thus, arrestment is used here 294 

in the broader sense of effective local confinement rather than complete cessation of 295 

movement.  296 

2.4 Emigration  297 

At both field boundaries, x = 0 and x = L, individuals may move outside the domain into the 298 

regions x < 0 or x > L, respectively. They are then classified as emigrated but remain active 299 

and may subsequently re-enter the field. While outside the domain, individuals move with 300 

unbiased reorientation, without arrestment, and with the full cash-crop step-length scale. 301 

Thus, boundary crossing represents temporary emigration rather than permanent loss from the 302 

population. This open-boundary formulation allows population dynamics to be partitioned 303 

into cash crop occupancy, trap crop occupancy, removal, and reversible emigration beyond 304 

either field boundary (Fig. 1).  305 

2.5 Within-trap crop removal and residence time 306 

Individuals entering the trap crop region are subject to two distinct removal mechanisms: (i) 307 

an entry-triggered removal applied immediately upon crossing from the cash crop into the 308 

https://www.zotero.org/google-docs/?Ien9DI
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trap crop, and (ii) a continuous within-trap crop removal process acting while individuals 309 

remain inside the trap crop (Rhino et al., 2016; Han et al., 2024; Badenes-Pérez, 2025). These 310 

mechanisms represent different ecological and management processes and operate on 311 

different temporal scales. 312 

The entry-triggered removal is governed by a probability γentry, which is applied at the 313 

moment an individual enters the trap crop from the cash crop (Fig. 1). This term captures 314 

rapid interception processes occurring at the crop interface, such as immediate contact with 315 

insecticide-treated borders or sticky trap plants, physical trapping, or edge-focused predation 316 

(Holden et al., 2012). An individual crossing into the trap crop is removed with probability 317 

γentry; if not removed, it continues to move within the trap crop and becomes subject to 318 

within-trap crop processes thereafter. Importantly, γentry is independent of the simulation time 319 

step and does not accumulate with time spent in the trap crop. If an individual subsequently 320 

exits the trap crop into the cash crop and later re-enters, the entry-triggered removal 321 

probability γentry is applied again upon each re-entry, while within-trap crop removal operates 322 

only during periods in which the individual is located inside the trap crop.  323 

Individuals that survive entry are subsequently exposed to within-trap crop removal, 324 

which is parameterised in terms of a daily probability of removal, denoted γday (Fig. 1). This 325 

represents the probability that an individual is removed over a full day conditional on 326 

remaining within the trap crop for that entire day. Ecologically, this may represent processes 327 

acting during residence in the trap crop, including prolonged insecticide exposure, 328 

physiological stress, or pressure from predators and parasitoids concentrated within the trap 329 

crop patch (Badenes‐Pérez et al., 2006; Macfadyen and Muller, 2013; Salat-Moltó et al., 330 

2023; Badenes-Pérez, 2025). In the model, γday is the primary parameter controlling the 331 

strength of within-trap crop removal. Model simulations are performed using a discrete time 332 

step of length Δt (hours). To ensure consistency across time scales, γday is converted into an 333 

equivalent per-step removal probability γΔt according to Eq. (8): 334 

γΔ𝑡 = 1 − (1 − γday)Δ𝑡/24 .          (8) 335 

This formulation ensures that survival probabilities compound correctly across time steps, 336 

such that an individual that remains continuously within the trap crop for 24 hours 337 

experiences an overall removal probability of exactly γday. Within the simulation, removal 338 

due to within-trap crop processes is implemented by drawing a Bernoulli trial with 339 

probability γΔt at each movement step for individuals located in the trap crop. 340 

https://www.zotero.org/google-docs/?kcWWYd
https://www.zotero.org/google-docs/?3IUla6
https://www.zotero.org/google-docs/?cZDEIn
https://www.zotero.org/google-docs/?cZDEIn
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The corresponding expected time to removal during continuous residence in the trap 341 

crop can be interpreted directly from γday. Under the assumption of continuous exposure 342 

within the trap crop, the expected time to removal is approximately (Eq. (9)): 343 

𝐸(𝑇trap) ≈
1

λ
 days,                     (9) 344 

where the daily hazard rate is given by Eq. (10):  345 

λ = −𝑙𝑛(1 − γday) day-1.                    (10) 346 

For small γday, this reduces to E[Ttrap] ≈ 1 / γday. For instance, γday = 0.2 corresponds to an 347 

expected time to within-trap removal of approximately five days for individuals that remain 348 

continuously within the trap crop. 349 

In practice, realised residence times may be shorter than this expectation due to 350 

removal upon entry or movement-mediated exits from the trap crop. Accordingly, γday should 351 

be interpreted as a conditional daily hazard of removal, rather than a fixed trapping duration. 352 

Together, γentry and γday allow the model to distinguish between rapid edge-driven interception 353 

and slower, time-dependent removal within the trap crop, while remaining robust to changes 354 

in time step size and movement dynamics. 355 

Both removal processes may also be influenced by the intensity and spatial 356 

distribution of natural-enemy pressure. Entry-triggered removal and within-trap removal may 357 

be greater in trap crop patches or along boundaries where predators and parasitoids 358 

concentrate (Macfadyen and Muller, 2013; Salat-Moltó et al., 2023). Natural enemies 359 

concentrated along the cash crop–trap crop boundary may contribute to entry-triggered 360 

removal, whereas those active within the trap crop may contribute to continued removal 361 

during residence. Simulation durations of several weeks correspond to typical deployment 362 

periods of trap crops within a growing season, allowing individual-scale movement decisions 363 

to accumulate into field-scale redistribution and interception dynamics. 364 

https://www.zotero.org/google-docs/?IqZmoZ
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 365 

Figure 1 Conceptual schematic of the movement-based trap-cropping model. The one-dimensional 366 

landscape is partitioned into four regions: a left-hand emigration region (x < 0), a cash crop region 367 

occupying (0, kL), a terminal trap crop strip occupying (kL, L), and a right-hand emigration region (x 368 

> L). Within the cash crop, insects move according to a biased correlated random walk, where 369 

movement is determined by the combined effects of directional persistence (α) and attraction towards 370 

the trap crop (β(x)). Attraction strength increases towards the cash crop–trap crop interface, reflecting 371 

host-associated cues that bias movement towards the trap crop. For illustrative purposes, the case of a 372 

linear attraction bias (ν = 1) is shown. Movement occurs in discrete steps of length si(t), with direction 373 

δi(t) = ±1 indicating leftward or rightward movement. The step lengths shown are schematic and are 374 

not drawn to scale relative to the field length. Upon entering the trap crop region, directional bias and 375 

persistence are removed and movement becomes unbiased. Insects may exhibit arrestment, 376 

represented by a reduction in step length by a factor ρ, resulting in increased residence time within the 377 

trap crop. Two removal mechanisms operate within the trap crop. Entry-triggered removal occurs 378 

immediately upon crossing from the cash crop into the trap crop with probability γentry, representing 379 

rapid interception processes such as insecticide-treated borders, physical trapping, or edge-focused 380 

predation. Individuals that remain in the trap crop are subsequently exposed to within-trap removal at 381 

a daily probability γday, representing mortality or suppression occurring during residence within the 382 

trap crop. Individuals crossing either field boundary, x = 0 or x = L, enter an emigration region where 383 

movement is unbiased and occurs at the full cash-crop step-length scale. Emigrated individuals are not 384 

removed from the system and may subsequently re-enter the field. The framework therefore explicitly 385 

separates four key processes governing trap crop performance: attraction towards the trap crop, 386 

directional persistence during movement, behavioural retention within the trap crop, and pest removal 387 

following trap crop encounter. These processes jointly determine pest redistribution among the cash 388 

crop, trap crop, removed, and emigrated population states.  389 

2.6 Simulating trap cropping  390 

Figure 2 illustrates the spatio-temporal dynamics generated by the movement-based trap 391 

cropping model under uniform initial conditions. At the outset, pests are evenly distributed 392 

across the cash crop region (0, kL) with k = 0.8. This provides a baseline scenario without 393 

imposing localised emergence or edge-biased colonisation. As individuals move under 394 

directional persistence and probabilistic attraction towards the trap crop strip, the spatial 395 

distribution becomes progressively shaped by redistribution within the cash crop, movement 396 

across the field boundaries, and selective loss near the cash crop–trap crop interface. Upon 397 
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crossing from the cash crop into the trap crop, individuals are immediately removed through 398 

entry-triggered interception with probability (γentry = 0.1). Individuals that are not removed 399 

upon entry continue to move within the trap crop strip under arrestment, characterised by 400 

reduced step lengths (ρ = 0.1) and unbiased reorientation, which increases residence time 401 

within the trap crop. While remaining in the trap crop, individuals are subject to removal 402 

governed by a daily removal probability (γday = 0.2), leading to cumulative losses among 403 

individuals that remain within the trap crop. At the field scale, individuals that move beyond 404 

either boundary, into the regions x < 0 or x > L, are classified as emigrated but remain active 405 

and may subsequently re-enter the field, moving without arrestment and with the same step-406 

length scale as in the cash crop. As movement, removal, and reversible emigration act 407 

repeatedly, the dynamics are governed primarily by access to the trap boundary, retention 408 

within the trap crop, and movement across the field boundaries, rather than by any initial 409 

spatial structure.  410 

 411 

Figure 2 Trap cropping dynamics in one-dimensional space simulated using a biased correlated 412 

random walk with arrestment, probabilistic removal, and emigration. (a–c) Histograms with 2.5 m 413 

spatial bins show insect positions at t = 0, 2, and 30 days within a field of length L = 100 m. The cash 414 

crop occupies the interval (0, kL) and the trap crop occupies the terminal strip (kL, L), with k = 0.8 415 

(vertical dashed line at x = 80 m). Individuals are initially distributed uniformly within the cash crop 416 
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region, with total population size N0 = 2,500. Movement occurs in discrete steps of duration Δt = 0.5 417 

h, with step lengths drawn from a half-normal distribution (σcash = 1 m; Eq. 2). Within the cash crop, 418 

movement combines directional persistence (α = 0.2) with probabilistic environmental bias toward the 419 

trap crop, applied with probability ω = 0.5 and increasing linearly with distance from the cash crop–420 

trap crop interface (β = 0.1, ν = 1). Inside the trap crop, environmental bias is suppressed and 421 

movement becomes unbiased with reduced step scale σtrap = ρσcash, with ρ = 0.1, representing 422 

arrestment behaviour. Individuals may be removed via two mechanisms: entry-triggered removal 423 

upon crossing from the cash crop into the trap crop, with probability γentry = 0.1, and removal while 424 

remaining within the trap crop, specified by a daily removal probability (γday = 0.2). Individuals that 425 

move beyond either field boundary, into the left-hand emigration zone (x < 0) or beyond the right-426 

hand boundary (x > L), are classified as emigrated but remain active and may subsequently re-enter 427 

the field; while outside the domain, movement is unbiased and occurs with the same step-length scale 428 

as in the cash crop (σcash). (d) Temporal partitioning of the population into four mutually exclusive 429 

classes: individuals remaining in the cash crop, individuals remaining in the trap crop, individuals 430 

removed within the trap crop, and individuals currently located outside either field boundary but may 431 

subsequently re-enter the domain. All curves are expressed as a percentage of the initial population 432 

size N0 and together account for the entire population at each time point. 433 

3. Results 434 

3.1 Movement dynamics 435 

The spatial structure of the attraction field influenced population outcomes (Fig. 3). Uniform 436 

attraction profiles (ν = 0) produced greater depletion of the cash crop (Fig. 3a) and higher 437 

cumulative removal (Fig. 3c) than profiles concentrated near the trap crop boundary (ν = 2). 438 

This indicates that attraction cues acting across the crop interior recruit insects towards the 439 

trap crop more effectively than signals concentrated near the cash crop–trap crop boundary. 440 

Trap crop area also affected the balance between removal and emigration. Larger trap crop 441 

size (k = 0.7) generated higher removal (Fig. 3c), whereas smaller trap crop size (k = 0.9) was 442 

associated with greater emigration beyond either field boundary (Fig. 3d). Thus, smaller trap 443 

crop strips were associated with a greater proportion of individuals outside the field and 444 

lower cumulative removal. Trap crop occupancy remained low across all scenarios (Fig. 3b) 445 

and generally peaked at intermediate values of βmax. Even under strong attraction, the trap 446 

crop did not accumulate large resident populations, consistent with its role as a transient 447 

retention and removal zone rather than a refuge.  448 
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 449 

Figure 3 Population partitioning at t = 15 days as a function of maximum attraction strength βmax⁡, 450 

varied from 0 to 1, for different spatial bias profiles ν and cash crop fractions k. Panels show the 451 

proportions of the population (a) remaining in the cash crop, (b) occupying the trap crop, (c) 452 

cumulatively removed, and (d) currently emigrated beyond either field boundary. Results are shown 453 

for k = 0.7 (30% trap crop; lighter shade) and k = 0.9 (10% trap crop; darker shade), in each panel. All 454 

other parameters are as in Fig. 2. 455 

Cash-crop occupancy was shaped by interactions among directional persistence (α), 456 

environmental bias weight (ω), and maximum attraction strength (βmax) (Fig. 4). When βmax = 457 

0, differences among ω values were relatively small and showed no consistent ordering, 458 

whereas occupancy generally declined as α became strongly positive. Increasing βmax 459 

produced greater separation among the ω curves. At βmax = 0.25 and 0.5, larger bias weights 460 

generally resulted in lower cash-crop occupancy across most of the persistence range, 461 

indicating that more frequent responses to the attraction cue promoted movement out of the 462 

cash crop. By contrast, when ω = 0, occupancy remained similar across attraction strengths 463 

because the cue did not influence direction selection. The effect of α also depended on ω: 464 

occupancy declined markedly at high positive persistence when environmental bias was 465 

weak, whereas stronger bias reduced sensitivity to α over much of the intermediate range. 466 

Near α = 1, occupancy fell sharply and the curves tended to converge, particularly at higher 467 

attraction strengths.  468 



17 

 

 469 

Figure 4. Cash crop occupancy across directional persistence (α) for different bias weights (ω) and 470 

attraction strengths (βmax). Each panel shows the proportion of N0 = 2,500 insects remaining in the 471 

cash crop after 15 days as α varies from −1 to 1, for five environmental bias weights (ω = 0, 0.25, 0.5, 472 

0.75, 1) at a specified maximum attraction strength βmax = 0, 0.1, 0.25, or 0.5. All other parameters are 473 

as in Fig. 2.  474 

When attraction was absent (βmax = 0), cash crop occupancy remained relatively high across 475 

most of the parameter space but declined sharply under strongly positive directional 476 

persistence (α ≈ 1), particularly when the environmental bias weight was low (ω ≈ 0; Fig. 5). 477 

In this case, increasing ω weakened the influence of persistence by replacing persistence-478 

driven updates with unbiased directional choices. As attraction strength increased, the region 479 

of low cash crop occupancy expanded across the (α, ω) parameter space. At βmax = 0.1 and 480 

0.25, occupancy declined with increasing ω, while strong positive persistence also reduced 481 

occupancy when the probability of cue-driven bias was low. At βmax = 0.5, low occupancy 482 

occurred across a broad range of parameter combinations, particularly at high ω or strongly 483 

positive α. These patterns indicate that persistence and cue-following can each promote 484 

movement out of the cash crop, but their relative importance depends on attraction strength. 485 

Increasing βmax reduced sensitivity to the precise value of α over much of the parameter 486 

space, because frequent responses to the attraction cue produced consistently low cash crop 487 

occupancy.  488 
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 489 

Figure 5. Cash-crop occupancy across directional persistence (α) and environmental-bias weight (ω) 490 

for different maximum attraction strengths (βmax). Each heatmap shows the percentage of the initial 491 

insect population remaining in the cash crop at t = 15 days for all combinations of α ∈ [−1, 1] and ω ∈ 492 

[0, 1], with βmax = 0, 0.1, 0.25, or 0.5. Warmer colours indicate higher cash-crop occupancy, and 493 

labelled contour lines indicate equal occupancy percentages. All other parameters are as in Fig. 2.  494 

3.2 Insect removal and arrestment dynamics 495 

Variation in entry interception, within-trap crop removal, and arrestment alters the temporal 496 

redistribution of insects among the four population states tracked by the model. Across all 497 

scenarios, the proportion of insects remaining in the cash crop generally declines through 498 

time as individuals enter the trap crop or emigrate beyond either field boundary (Fig. 6a). 499 

Differences among scenarios remain relatively small during the early phase of the simulation 500 

but become more pronounced over longer time scales. This occurs because the parameters 501 

varied in this section (γentry, γday and ρ) act primarily after insects reach the trap crop and do 502 

not directly determine the rate at which insects initially leave the cash crop. Instead, the rate 503 

at which insects encounter the trap crop boundary is determined by the movement parameters 504 

governing attraction and behaviour within the cash crop (β, ω, and α), which influence how 505 

frequently insects respond to trap crop-associated cues and how strongly they maintain 506 

directional persistence. However, interception, mortality, and arrestment subsequently affect 507 

cash crop occupancy by determining whether individuals are removed, retained within the 508 
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trap crop, or able to return to the cash crop. Consequently, the simulations in Fig. 6 primarily 509 

isolate how different interception and retention mechanisms influence the removal outcome 510 

once the trap crop strip has been encountered rather than how rapidly insects initially depart 511 

the cash crop. By the end of the simulation, the lowest cash crop occupancy occurs when 512 

within-trap crop removal is absent, followed closely by the no-arrestment scenario, whereas 513 

baseline conditions, no entry interception, and perfect entry interception retain comparatively 514 

higher cash-crop occupancy.  515 

In contrast, the mechanisms governing interception, removal, and retention generate 516 

pronounced differences in the dynamics within the trap crop and in the resulting fates of 517 

intercepted individuals. Under baseline conditions, trap crop occupancy initially increases as 518 

insects accumulate within the trap crop strip before gradually declining as individuals are 519 

removed or emigrate (Fig. 6b). Eliminating within-trap crop mortality leads to higher trap 520 

crop occupancy during the early phase of the simulation followed by a gradual decline as 521 

insects leave the field, while strong arrestment combined with weak within-trap crop removal 522 

produces a sustained increase in trap crop occupancy throughout the simulation. When 523 

arrestment is absent, trap crop occupancy remains low because individuals traverse the trap 524 

crop strip rapidly, whereas perfect entry interception results in essentially zero trap crop 525 

occupancy because insects are removed immediately upon crossing the cash crop–trap crop 526 

boundary. These differences are reflected in the cumulative removal and current emigration 527 

dynamics (Fig. 6c–d). Removal increases steadily through time in all scenarios but reaches 528 

substantially higher levels when entry interception is perfect, while scenarios lacking within-529 

trap crop mortality accumulate removal more slowly. Emigration exhibits a broadly opposing 530 

pattern. The largest proportions currently outside the field occur when within-trap crop 531 

removal is absent and when arrestment is absent, because more individuals survive passage 532 

through the trap crop and cross the field boundary. Strong arrestment with weak lethality 533 

reduces emigration relative to these scenarios but does not eliminate it, whereas perfect entry 534 

interception results in negligible emigration because individuals are removed upon entering 535 

the trap crop.  536 
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 537 

Figure 6. Effects of trap crop interception, within-trap crop removal, and arrestment on trap cropping 538 

dynamics. Time-series simulations from the model described in Fig. 1 show the temporal evolution of 539 

the four population states over 30 days: (a) the proportion of individuals remaining in the cash crop, 540 

(b) the proportion located within the trap crop, (c) the cumulative proportion removed, and (d) the 541 

proportion currently emigrated beyond either field boundary. All quantities are expressed as 542 

percentages of the initial population N0 = 2500 and together sum to 100% at each time point. 543 

Individuals are initially distributed uniformly within the cash crop, as in Fig. 2. Six scenarios are 544 

shown to isolate the roles of the main trap crop mechanisms: baseline dynamics, using the same 545 

parameterisation as Fig. 2; no entry interception (γentry = 0); no within-trap crop removal (γday = 0); no 546 

arrestment (ρ = 1); strong arrestment with weak within-trap crop lethality (ρ = 0.01, γday = 0.01); and 547 

perfect entry interception (γentry = 1), representing an idealised dead-end trap crop.  548 

Figure 7 examines how trap crop width influences the redistribution of insects among the four 549 

population states when evaluated at a fixed time point (t = 15 days). Across all scenarios, 550 

increasing the cash crop fraction k (i.e., reducing the width of the trap crop) results in higher 551 

proportions of insects remaining within the cash crop (Fig. 7a). This pattern reflects the 552 

increasing width of the cash crop and the reduced width of the trap crop, which reduce 553 

exposure of individuals to the trap crop region during movement. Differences among the 554 

scenarios remain comparatively small for cash crop occupancy, consistent with the behaviour 555 

observed in Fig. 6. Because the parameters varied here (γentry, γday, and ρ) act upon entry to or 556 

within the trap crop, they primarily influence the fate of intercepted individuals rather than 557 
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the initial rate at which insects depart the cash crop. Consequently, the curves in Fig. 7a 558 

remain relatively close across scenarios, with strong arrestment and weak lethality generally 559 

producing the lowest values.  560 

In contrast, trap crop occupancy is strongly affected by both trap crop width and the 561 

interception and retention mechanisms operating within the trap crop strip. Wider trap crop 562 

areas (smaller k) allow greater accumulation of insects within the trap region, particularly 563 

when arrestment is strong and within-trap removal is weak (Fig. 7b). Under this scenario, 564 

insects remain within the trap crop strip for extended periods, but occupancy declines as the 565 

trap crop strip narrows. When arrestment is absent, insects move rapidly through the trap crop 566 

strip and trap crop occupancy remains low regardless of trap crop width. Perfect entry 567 

interception results in near-zero trap crop occupancy because insects are removed upon entry 568 

to the trap crop. These patterns illustrate that trap crop width interacts strongly with 569 

behavioural retention: wider trap crops amplify the effects of arrestment by increasing the 570 

distance over which reduced movement operates within the trap crop strip.  571 

The resulting differences in removal and emigration outcomes are reflected in Fig. 572 

7c–d. Removal is generally highest when trap crop width is widest and entry interception 573 

strongest, with the perfect entry-interception scenario producing the greatest cumulative 574 

removal across all trap crop widths. Under baseline conditions, removal declines gradually as 575 

the trap crop strip narrows due to the reduced opportunity for insects to encounter and remain 576 

within the trap crop. Scenarios lacking within-trap crop mortality produce lower cumulative 577 

removal, while strong arrestment with weak killing produces comparatively low overall 578 

removal despite high trap occupancy. Emigration varies more strongly among scenarios; the 579 

absence of arrestment generally generates among the highest levels of emigration, whereas 580 

perfect entry interception produces the lowest emigration, while strong arrestment with weak 581 

lethality produces intermediate levels. These results demonstrate that cash–trap crop 582 

allocation primarily controls the likelihood of trap crop encounter, while the retention and 583 

removal mechanisms determine the ultimate fate of insects once the trap crop has been 584 

reached.  585 
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 586 

Figure 7. Influence of trap-crop width on pest redistribution under different interception, removal, 587 

and arrestment scenarios. Simulations from the model described in Fig. 2 show the distribution of 588 

individuals across four population states at t = 15 days as a function of the cash crop fraction k, with 589 

individuals initially distributed uniformly within the cash crop. Panels show: (a) cash crop occupancy, 590 

(b) trap crop occupancy, (c) cumulative removal, and (d) emigration beyond either field boundary. 591 

The horizontal axis varies from k = 0.70 to 0.95, corresponding to trap crop coverage of 30 to 5% of 592 

the field. Curves represent six scenarios: baseline; no entry interception (γentry = 0); no within-trap 593 

removal (γday = 0); no arrestment (ρ = 1); strong arrestment with weak lethality (ρ = 0.01, γday = 0.01); 594 

and perfect entry interception (γentry = 1), representing an idealised dead-end trap crop.  595 

Increasing γentry produces a relatively direct rise in removal because individuals are 596 

eliminated immediately as they enter the trap crop (Fig. 8). This may, for example, reflect the 597 

effect of a contact pesticide or another interception-based control measure. In contrast, 598 

increasing γday produces removal during residence within the trap crop and could represent 599 

mortality arising from prolonged pesticide exposure, ingestion of toxic plant tissue, or 600 

exposure to biological control agents. The influence of within-trap removal is stronger when 601 

movement is reduced within the trap crop (ρ = 0.1), because longer residence increases 602 

cumulative exposure. 603 

Behavioural arrestment also substantially reduces emigration, particularly when 604 

within-trap removal is present. Without arrestment (ρ = 1), insects move through the trap crop 605 

more rapidly, making entry-triggered removal relatively more important and producing 606 
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greater emigration when both removal probabilities are low. These patterns show that entry-607 

triggered and within-trap removal operate through different exposure regimes, with 608 

behavioural arrestment modulating their relative importance by altering insect residence time 609 

within the trap crop. 610 

 611 

Figure 8. Combined effects of entry-triggered removal, within-trap removal, and behavioural 612 

arrestment on pest population outcomes. Heatmaps show the proportion of the initial population 613 

removed (left column) and located beyond either field boundary (right column) after 15 days, across 614 

combinations of entry-triggered removal probability (γentry) and daily within-trap removal probability 615 

(γday). The top row shows simulations with behavioural arrestment in the trap crop (ρ = 0.1), whereas 616 

the bottom row shows simulations without arrestment (ρ = 1). The parameter ρ scales movement step 617 

length within the trap crop and therefore influences residence time. Entry-triggered removal occurs 618 

when insects cross from the cash crop into the trap crop, while within-trap removal acts on insects 619 

remaining in the trap crop. Individuals are initially distributed uniformly within the cash crop, and all 620 

values are expressed as percentages of the initial population.  621 

4. Discussion 622 

4.1 A movement-based extension of trap crop modelling  623 

Existing modelling approaches to trap cropping have made important contributions by 624 

isolating specific mechanisms, but they typically emphasise different components of the 625 

system rather than treating them within a unified framework. Models in heterogeneous crop 626 

systems have focused on pest movement and spatial processes, often representing dispersal 627 
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using diffusion-based formulations derived from random walk processes (Perry and Wall, 628 

1984; Hannunen, 2005), including extensions with predator-prey dynamics to model 629 

biological control (Banks and Laubmeier, 2024), as well as individual-based and spatially 630 

explicit movement models (Vinatier et al., 2012; Garcia et al., 2021). These approaches 631 

capture large-scale redistribution effectively, but do not jointly represent directional 632 

responses to host-plant cues, movement persistence, and post-arrival retention. 633 

Complementing these approaches, discrete patch- and lattice-based formulations that 634 

represent the system at the level of individual plants or patches, have been used to incorporate 635 

attraction, retention, and plant configuration through local transition rules (Banks and Ekbom, 636 

1999; Holden et al., 2012). Under a set of non-conflicting assumptions these models are often 637 

analytically tractable and have been particularly important in demonstrating that trap crop 638 

performance depends on the balance between attraction towards and dispersal away from the 639 

trap crop (Holden, 2026a, 2026b).  640 

Our approach provides a unified, flexible framework that integrates pest movement 641 

behaviour, attraction, and retention. Like previous approaches, it captures insect attraction to 642 

and retention within the trap crop, but does so by explicitly representing directional 643 

movement through the landscape, rather than relying solely on diffusion or patch-transition 644 

probabilities. This is particularly relevant in systems where orientation towards plant-645 

associated cues influence interception dynamics, which purely diffusion formulations cannot 646 

represent directly. As a result, the framework offers greater mechanistic resolution for 647 

identifying the conditions under which trap crops are effective, while remaining sufficiently 648 

structured to yield general insights comparable to existing analytical and spatial models. 649 

A key distinction of our model is the inclusion of directional persistence in pest 650 

movement, the tendency of individuals to continue moving in their current direction. This 651 

differs from previous models, which implicitly assume that movement is memoryless, i.e., 652 

insects diffuse randomly regardless of their previous direction. By incorporating persistence 653 

through a biased correlated random walk, our framework is able to capture more detailed and 654 

potentially more realistic movement patterns, consistent with empirical and theoretical 655 

studies of insect and arthropod movement (Kareiva and Shigesada, 1983; Byers, 2001; 656 

Petrovskii et al., 2014; Ahmed et al., 2023). Our framework therefore allows the role of 657 

directional persistence, and its interaction with attraction, to be examined explicitly in trap-658 

cropping systems.  659 

https://www.zotero.org/google-docs/?2B4O7Q
https://www.zotero.org/google-docs/?2B4O7Q
https://www.zotero.org/google-docs/?PF1aru
https://www.zotero.org/google-docs/?62Kp5K
https://www.zotero.org/google-docs/?kIPpE9
https://www.zotero.org/google-docs/?kIPpE9
https://www.zotero.org/google-docs/?dQq7if
https://www.zotero.org/google-docs/?UbGW7o
https://www.zotero.org/google-docs/?UbGW7o
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In our model, persistence altered pest distributions in the cash and trap crops 660 

compared to cases where insects moved in a biased, but uncorrelated (memoryless) fashion. 661 

Increasing positive persistence (i.e., the probability of continued movement in the current 662 

direction) consistently decreased the proportion of pests on the cash crop. Furthermore, it 663 

interacted with bias (attraction), with the lowest cash-crop occupancy generally occurring 664 

when both attraction and persistence were high. While empirical studies in the trap cropping 665 

literature are dominated by efforts to measure and optimise the attractiveness of potential trap 666 

crop plants (Holden et al., 2012; Holden, 2026b), persistence of insect movement in trap 667 

cropping systems, as far as we are aware, remains entirely unexplored. If movement 668 

persistence varies among pest species or is modified indirectly by local habitat structure, such 669 

as vegetation density, crop row orientation, or physical resistance to movement, it may 670 

represent an additional mechanism influencing trap crop performance. Determining when 671 

persistence is intrinsic, environmentally mediated, or experimentally manipulable, may 672 

present a novel avenue for improving trap cropping design.  673 

4.2 Ecological implications for trap crop performance  674 

By explicitly incorporating directional bias in movement, our framework provides a more 675 

realistic representation of how pests respond to biologically meaningful cues, creating a 676 

closer link between plant traits, pest sensory ecology, and spatial dynamics in the field. This 677 

is important because insect movement responses are expected to vary among species 678 

according to their life history, including host preferences, foraging state, mobility, and 679 

physiological state (Minkenberg et al., 1992; Hochuli, 2001; Scheirs and De Bruyn, 2002; 680 

Shelton and Badenes-Pérez, 2006; Badenes‐Pérez et al., 2006). For example, adult Colorado 681 

potato beetles (Leptinotarsa decemlineata) represent a well-studied example of a pest in 682 

which local movement, host-associated cues, feeding state, and landscape structure influence 683 

spatial redistribution (Landolt et al., 1999; Boiteau et al., 2003; Gui et al., 2012). Trap crops 684 

can intercept and concentrate dispersing beetles within a restricted area, allowing targeted 685 

removal through well-timed, selective insecticide application (Hunt and Whitfield, 1996; 686 

Martel et al., 2005). Their effectiveness nevertheless depends on whether species-specific 687 

responses to the trap crop promote movement towards it and provide sufficient retention for 688 

removal mechanisms to act.  689 

However, the effectiveness of attraction-based strategies also depends on the relative 690 

attractiveness of the trap crop compared with the cash crop. In Colorado potato beetle 691 
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management, trap crop effectiveness depends on the relative attractiveness of the trap and 692 

cash crops. For example, potato (Solanum tuberosum) trap crops can divert pest pressure 693 

away from tomato (Solanum lycopersicum) crops, reducing beetle abundance on the protected 694 

crop (Hunt and Whitfield, 1996). However, when potato itself is the cash crop, the 695 

effectiveness of trap crops may be limited unless additional measures are implemented to 696 

retain or remove beetles within the trap crop (Hoy et al., 2000). For example, Bacillus 697 

thuringiensis (Bt) transgenic potatoes planted earlier than the potato cash crop have been 698 

suggested as a dead-end trap crop for Colorado potato beetle, although so far they have not 699 

been tested as such (Shelton and Badenes-Pérez, 2006; Badenes-Pérez, 2025). Enhancing 700 

attraction through additional cues, such as synthetic aggregation pheromones, may  represent 701 

another approach for increasing interception when trap crops are not sufficiently attractive 702 

relative to the cash crop (Kuhar et al., 2006).  703 

Our results show that attraction was most effective when cues extended across a broad 704 

portion of the cash crop, suggesting that trap crop strategies are more likely to succeed when 705 

pests can detect and orient toward their hosts from a distance. Similar trap cropping designs 706 

therefore cannot be expected to perform consistently across systems, because different 707 

species vary in their behavioural responses to plant cues and because abiotic and biotic 708 

conditions can alter cue production, transmission, detection, and the resulting movement 709 

response (Shelton and Badenes-Pérez, 2006). For example, crop borders and host-plant 710 

connectivity can alter local movement paths and retention of adult Colorado potato beetles, 711 

with non-host vegetation acting as a barrier to movement between potato patches (Boiteau et 712 

al., 2014). Although such spatial complexity is simplified in our one-dimensional framework, 713 

these findings illustrate how local crop structure can modify encounter and retention 714 

processes and thereby influence trap crop performance.  715 

Even when attraction is strong enough to draw pests away from the cash crop, trap 716 

crop effectiveness ultimately relies on whether movement within the trap crop is sufficiently 717 

reduced to prolong residence and allow removal mechanisms to act. More broadly, the 718 

relative allocation of the field to cash and trap crops influenced pest encounter, but trap crop 719 

effectiveness depended strongly on post-encounter behaviour, suggesting that spatial design 720 

and behavioural retention must be considered together. Immediate removal may arise from 721 

strategies such as contact insecticides, sticky surfaces, or other interception-based measures, 722 

whereas delayed removal may depend on residence time within the trap crop and be mediated 723 

by insecticide application, plant toxins, and/or predation (Badenes-Pérez, 2025). If retention 724 
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is weak, however, even a highly attractive trap crop may fail to manage the insect pest 725 

(Holden et al., 2012). 726 

By separating encounter, retention, and removal into distinct processes, our 727 

framework helps explain why a trap crop may succeed or fail.  Failure may be due not to low 728 

attractiveness, but to pests not remaining in the trap crop or not being removed efficiently. 729 

This distinction has practical implications for management strategies since some systems may 730 

benefit from trap crops designed primarily to intercept and retain insects, whereas others may 731 

require targeted suppression through insecticide application, addition of natural enemies, or 732 

other control measures within the trap crop itself. By making these mechanisms explicit, 733 

simulation models such as ours offer a useful tool for understanding why trap cropping 734 

succeeds or fails under particular ecological conditions, thereby guiding more informed 735 

decisions about trap crop width, land allocation, and complementary management strategies. 736 

4.3 Advancing predictive trap crop modelling  737 

Future work should build on our modelling approach by extending both its spatial and 738 

ecological scope while retaining analytical clarity. A first priority is the incorporation of more 739 

realistic spatial structure. Although equilibrium pest distributions under random walk 740 

assumptions may be insensitive to configuration, the transient dynamics that determine 741 

practical pest suppression depend strongly on patch geometry, including patch size, shape, 742 

and perimeter-to-area ratios (Hannunen, 2005; Perry and Wall, 1984). In particular, the 743 

placement and spatial arrangement of trap crops within two-dimensional landscapes, 744 

including their position relative to field boundaries, their spatial distribution (e.g. strips, 745 

borders, or dispersed patches), and their size, are expected to play a critical role in 746 

determining interception efficiency and retention. Embedding these geometric features within 747 

the present movement–attraction–retention framework would allow the analysis of how 748 

spatial layout influences not only redistribution but also the timescale over which trap crops 749 

become effective. This is particularly relevant for short cropping cycles or systems subject to 750 

continuous pest migration, where transient dynamics rather than equilibrium states determine 751 

outcomes.  752 

Another aspect concerns the potential role of demographic processes, in particular 753 

mate-searching behaviour and population growth. In temperate regions, where life cycles 754 

tend to be more synchronised and the foraging period may not overlap substantially with 755 

reproductive activity, these processes are likely to have a limited influence on the dynamics 756 
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captured by the model. By contrast, in tropical environments, where smaller seasonal 757 

temperature fluctuations can lead to more continuous or desynchronised population 758 

dynamics, demographic processes may become more relevant and could meaningfully 759 

modify model predictions (e.g. Godfray and Hassell, 1987; Vinatier et al., 2009). In such 760 

contexts, the interaction between movement, reproduction, and mortality may need to be 761 

explicitly considered in order to fully capture pest dynamics. 762 

As part of the agroecological transition, numerous practices are emerging, leading to 763 

increased diversification of agricultural landscapes (e.g., agroforestry, enhanced field margin 764 

complexity, and species mixtures) (Molénat et al., 2023). These systems can, in principle, be 765 

represented within our modelling framework; however, they require additional conceptual 766 

work to translate the emerging spatial configurations associated with these practices into a 767 

one-dimensional representation. In particular, careful abstraction is needed to ensure that key 768 

structural and functional properties of these more complex spatial patterns are preserved 769 

within the simplified modelling domain. 770 

Alongside these theoretical developments, empirical validation is required to test the 771 

mechanistic predictions of the model. In particular, controlled field and semi-field 772 

experiments that quantify pest movement, attraction, and retention across alternative trap 773 

crop configurations would allow direct evaluation of the processes represented in the model. 774 

Previous work has demonstrated the dominant role of retention relative to attraction in 775 

determining trap crop efficacy (Holden et al., 2012), but systematic measurements that 776 

separate these mechanisms remain limited. The modelling approach developed here provides 777 

a basis for designing such experiments, as its parameters correspond directly to measurable 778 

quantities, allowing hypotheses on directional movement, interception, and retention to be 779 

tested explicitly under field conditions. Integrating experimental observations with the model 780 

would enable parameter estimation, calibration, and validation across crop–pest systems, 781 

thereby strengthening the predictive capacity of the approach. 782 

Another important direction concerns the representation of movement behaviour. 783 

While the current formulation incorporates directional bias towards trap crops, it assumes a 784 

relatively simple structure for movement. In practice, insect movement may involve 785 

switching between behaviours, persistence in direction, or non-diffusive dispersal patterns. 786 

Extending the model to include such mechanisms would strengthen the connection between 787 

individual-level behaviour and population-level redistribution, and would allow comparison 788 

with both diffusion-based limits and individual-based formulations. In addition, linking 789 
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model parameters to measurable quantities such as motility, residence time, and turning 790 

behaviour would improve empirical interpretability and facilitate calibration. It is now 791 

possible to estimate these parameters thanks to the rise of insect tagging and tracking 792 

techniques (e.g., El Sheikha, 2019; Hüppop et al., 2019) and their appropriate analyses 793 

(Rüppel et al., 2026). A third extension is the inclusion of additional ecological processes. 794 

The present framework focuses on movement-driven redistribution, but trap cropping 795 

outcomes are also influenced by population dynamics, including reproduction, mortality, and 796 

interactions with natural enemies. Incorporating predator–prey or parasitoid dynamics, inter- 797 

and intraspecific competition, as well as temporal variation in plant attractiveness to different 798 

insect  life stages, would enable the model to capture seasonal effects and stage-specific 799 

vulnerabilities. Such extensions would also allow investigation of how trap crops function as 800 

both sinks and potential sources of pests under different ecological conditions. 801 

Finally, there is a need to integrate our mechanistic modelling with optimisation and 802 

decision-making approaches. Optimal allocation of land to trap crops depends on trade-offs 803 

between pest suppression and yield loss, often requiring a non-negligible proportion of the 804 

landscape to be devoted to trap crop plants (Shelton and Badenes-Pérez, 2006; Holden, 805 

2026b). Embedding these economic and agronomic considerations within the present 806 

framework would enable the derivation of design principles that jointly account for 807 

movement dynamics, spatial structure, and yield outcomes. More broadly, future research 808 

should aim to identify general thresholds in key parameters such as retention, attraction, and 809 

pest mobility that determine transitions between ineffective and effective trap cropping. 810 

Establishing such criteria would contribute to a more predictive and general theory of trap 811 

cropping systems. 812 

5. Concluding remarks  813 

We developed a movement-based trap cropping framework that explicitly integrates 814 

attraction, directional persistence, behavioural arrestment, and pest removal within a single 815 

mechanistic model. Our results show that trap crop effectiveness depends on the interaction 816 

of these processes rather than on attraction alone. Attraction acting across a broad portion of 817 

the cash crop increased encounters with the trap crop, while directional persistence and 818 

attraction acted synergistically to reduce pest occupancy within the cash crop. However, 819 

successful encounters did not necessarily translate into effective suppression, as strong 820 

attraction alone was often insufficient when insects were not retained following arrival. 821 
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Instead, behavioural arrestment emerged as a key determinant of post-encounter outcomes, 822 

while entry-triggered removal and within-trap crop removal operated through distinct 823 

mechanisms. We further found that wider trap crop strips increased opportunities for 824 

encounter, while strengthening the effects of retention and removal, highlighting important 825 

interactions between behavioural processes and spatial design. More broadly, these findings 826 

help explain why trap cropping systems can produce highly variable outcomes in practice 827 

(Hokkanen, 1991; Shelton and Badenes-Pérez, 2006; Cook et al., 2007). Effective trap crops 828 

must not only attract pests, but also retain them long enough for suppression mechanisms to 829 

act (Holden et al., 2012; Badenes-Pérez, 2025). By explicitly separating the processes of 830 

encounter, retention, and removal, the framework provides a mechanistic basis for 831 

understanding trap crop performance across a range of trap-cropping scenarios and offers a 832 

foundation for incorporating behavioural ecology more directly into the design and 833 

evaluation of ecologically based pest-management strategies. 834 

835 
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    x  i ( t )   =     x  i ( t − 1 ) +  δ  i ( t )     s  i ( t ) ,


  f ( s )   =      2  σ  𝜋 exp ​  ( −     s 2  2  σ 2 ) ,     s > 0 ,


  σ > 0


  E [ s ] = σ   2  𝜋 ,     V [ s ] =  σ 2  ( 1 −  2  𝜋 ) .


   δ  i ( t )


   δ  i ( t ) =  {       δ  i bias ( t ) ,      with   probability   ω ,      δ  i pers ( t ) ,      with   probability   1 − ω ,


   δ  i pers ( t ) =  {    −  δ  i ( t − 1 ) ,      with   probability     1 − α 2 ,    δ  i ( t − 1 ) ,      with   probability     1 + α 2 ,


   δ  i bias ( t ) =  {    − 1 ,      with   probability     1 − β (   x  i ( t − 1 ) ) 2 ,   + 1 ,      with   probability     1 + β (   x  i ( t − 1 ) ) 2 ,


  β ( x )   =    β max      (   x  k L ) ν


   γ  Δ t = 1 − ( 1 −  γ day  )  Δ t / 24  


  E (   T trap ) ≈  1 λ


  λ = − l n ( 1 −  γ day )

